ABSTRACT We have determined whether the gene encoding dihydrofolate reductase (5,6,7,8- 
The phenomena of drug resistance as conferred by gene amplification (for a review, see ref. 1) suggest that changes in gene copy number may be a common response of cells to cytotoxic selection with drugs. A major question to be considered is whether gene amplification is itself a consequence of the drug treatment. It is possible, for example, that the damage and fragmentation of chromosomes that is caused (2, 3) by methotrexate [MTX, an inhibitor of dihydrofolate reductase (DHFR)] may actually facilitate the amplification of the DHFR gene (dhfr) (4, 5) . Alternatively, the observed gene amplification events may reflect processes occurring spontaneously, even in untreated cells, that would confer resistance detectable during later selection with cytotoxic drugs such as MTX.
One way to examine the hypothesis of spontaneous variations in gene copy number is to perform a classical fluctuation analysis of cells (6) . For example, Kempe et al. (7) determined the frequencies of formation of colonies resistant to N-phosphonacetyl-L-aspartate (an inhibitor of aspartate transcarbamoylase) in different subpopulations of a Syrian hamster cell line, and they concluded that resistance to 0.1 mM N-phosphonacetyl-L-aspartate can indeed arise spontaneously, though at an apparently low frequency (2-5 x 10-5). Similarly, Terzi and Hawkins (8) conducted a fluctuation analysis for cells exposed to MTX and found that resistance to 220 nM MTX arose at a frequency of 4 x 10-5.
The fluctuation analysis, however, is insensitive to some features of gene amplification in that it is most suitable for detecting rare, random, stable mutations that confer complete resistance to a particular selective agent. Gene amplification, on the other hand, is frequently unstable in character and confers graded resistance to selective agents (9) . We were therefore led to employ an alternative method for the detection of spontaneous changes (both increases and decreases) in gene copy number. This method depends on the use of the fluorescenceactivated cell sorter (FACS) and may be applicable to a wide variety of systems. We find that gene amplification and loss occur much more frequently than previously suspected and that the frequency of occurrence of these events varies as a function of gene copy number. (9) . The B11 lines are resistant to 0.1 and 0.5 puM MTX, respectively, and dhfr in them is amplified approximately 20-and 50-fold (Table  2) . We routinely maintain the CHO lines in F12 medium (GIBCO) prepared without glycine, hypoxanthine, or thymidine, to which 10% dialyzed fetal bovine serum (GIBCO) and 0, 0.1, or 0.5 ,iM MTX are added. During experiments the cells were grown in a supplemented medium that includes 30 ,uM each of glycine, hypoxanthine, and thymidine (Sigma) but lacks MTX, except as noted. The supplements were included to reverse MTX cytotoxicity (ref. 3 ; also see Table 1 ).
MATERIALS AND METHODS
Fluorescence analysis and sorting of cells were conducted on a Becton Dickinson FACS-II instrument. [Fluoresceinated MTX (F-MTX) was prepared as described (10) and was further purified by elution from a preparative Rainin RP18 Microsorb HPLC column with a 0-100% gradient of methanol, retaining the material eluting at 40-60% methanol.] Cells growing in supplemented medium were exposed for 24 hr to 30 ,uM F-MTX, then treated with trypsin and suspended in medium lacking F-MTX. In a typical experiment, the distribution of fluorescence for a cell population was determined from 10,000 cells. Cells displaying extremes of fluorescence, representing the upper or lower 2-5% of the population, were sorted and then returned to the supplemented medium. The new cell population arising after 7-12 days of proliferation was sorted again, recollecting for further growth the cells of extreme fluorescence. As multiple successive populations were derived in this way, cells were frozen at each stage and stored at -80°C in supplemented medium with 10% (vol/vol) dimethyl sulfoxide. Fig. 3 shows the shifts in mean fluorescence during successive sorts for each of these subelones. We found that the changes in fluorescence-either increasing or decreasing-were more rapid for cells already amplified than for the nonamplified parental cells. Thus, whereas the CHO K1 subelone increased its mean fluorescence by 8 (Table 2) for each cell population from Fig. 1 (a) and from Fig. 3 (b) . In each case, DNA was digested with EcoRI and loaded at 10 (Fig. 2b) .
Thus, we conclude that the rates of increase or loss in dhfr genes vary as a function of dhfr gene copy number. In recognition of this, we and others have suggested that the metabolic stress endured by such cells may actually contribute to errors in DNA replication leading ultimately to gene amplification (4, 13). However, we wished also to examine the extent to which changes in dhfr copy number might occur spontaneously, without perturbations of cells by drugs. We therefore conducted the experiments described here under conditions that were specifically chosen to avoid cytotoxicity or metabolic stress for the cell populations (see Table 1 ). We nevertheless observe the appearance of an amplified-dhfr genotype even in these nonperturbing conditions. In particular, we readily obtain cells of increasing or decreasing dhfr copy number even from recently subcloned populations of cells (Fig. 3) . We therefore conclude that the detected amplification events arise during the normal growth of cells in vitro and are to this extent spontaneous in occurrence.
If so, then one would predict that a cell line not recently subcloned should be heterogeneous, containing within it cells with dhfr copy number differing from the mean value. Indeed, we find that cells sorted from an uncloned CHO K1 population show rapid initial increases in mean fluorescence (Fig. lb) when compared with populations sorted from recently cloned CHO K1 cells (Fig. 3) . It is likely, therefore, that the initially sorted populations of Fig. 1 (17), the cellular oncogene c-myc is present in increased copy number in human HL-60 cells (18, 19) , an Alu-associated sequence (20) varies in copy number among different human somatic tissues, and genes for rRNA undergo compensatory increases in copy number in bobbed mutants of Drosophila melanogaster (21) . Also, Miller and Whitlock (22) The fluorescence distributions obtained for each population can be analyzed to yield estimates for the frequency of appearance of variant cells (see Appendix). We find that the calculated frequencies vary considerably among different populations (Fig. 3) , from 8 x 10-4 events per cell division for dhfrnonamplified CHO K1 cells to as high as 3 X 10-2 per division for the 50-fold dhfr-amplified CHO K1 B1, [0.5] Proc. Natl. Acad. Sci. USA 80 (1983) Given these assumptions, after one generation we have 2N -kN normal cells. After x generations we have (2 -k)XN normal cells and 2XN -(2 -k)XN variant cells. The fraction F of the total cell population that is variant after x generations is therefore 1 -(1 -k/2)X and is independent of N. We can obtain numerical estimates of F directly from the FACS, by determining the fraction of cells at the end of each period of growth that display more extreme fluorescence than the cells from the beginning of the period. In addition, the number of generations experienced by the population can be estimated from the growth interval and the population doublingttime of ca. 20 hr. Thus, k can be calculated as 2[1 -(1 -F)l/x]. As an example, we find that among the cells of the fifth population sorted for increasing fluorescence from the B11 [0.1] subclone (Fig. 3) , 17% (= F) were higher in fluorescence than were the starting cells prepared from the fourth sorted population. From the above equation, we find that k = 2.5 X 10-2 when x = 15. By averaging the values for k calculated for each of the populations sorted from the B11 subclone, we obtain a mean value for k of 2 X 10-2 amplification events per cell division.
